An increasing demand for the recovery of valuable metals, or the decontamination of metal-bearing effluents has stressed the development and testing of new sorbing materials, including resins, 1 solvent-impregnated resins, 2 carbon based materials 3,4 or biomass. 4 The high cost and slow turnout times typically associated with the measurement of regulated pollutants clearly indicates a need for environmental screening and monitoring methods that are fast, portable, and cost-effective. Hence, many materials of biological origin have been studied as adsorbents to remove various heavy metal ions from water and industrial effluents.
The high cost and slow turnout times typically associated with the measurement of regulated pollutants clearly indicates a need for environmental screening and monitoring methods that are fast, portable, and cost-effective. Hence, many materials of biological origin have been studied as adsorbents to remove various heavy metal ions from water and industrial effluents.
In general, a sorbent can be classified as being low-cost if it requires little processing, is abundant in nature, or is a by-product or waste material from industries and agricultural activities. Chitosan is a biocompatible polysaccharide obtained from the deacetylation of chitin, and it is found to be the secondmost abundant biopolymer in nature obtained from crustacean shells of shrimps, crabs, and lobsters, which are waste products of seafood processing industries, 5, 6 and can be used to remove metal ions from solutions efficiently. 7 Various chemical modifications on its reactive amino and hydroxyl groups can enhance the adsorption capacity and selectivity towards metal ions. The literature on the modification of the polymer surface through the introduction of new complexation groups is a recent area of research interest. [8] [9] [10] [11] [12] [13] Reports on the adsorption capacity and adsorption selectivity of chitosan derivatives towards different metals have been produced by several groups. [14] [15] [16] The maximum adsorption capacity of chitosan derivatives towards different metal ions is reported [17] [18] [19] [20] [21] [22] to be around 40 -70 mg g -1 . Hence, we aimed to design and modify the chitosan polymer to increase its sorption properties by anchoring binucleating ligands on chitosan. Binucleating ligands are capable of binding with two metal ions in close proximity. 23 In the present work, the chitosan (CTS) surface was modified through immobilization of a binucleating ligand, 2,6-bis[(Nmethylpiperazine-1-yl)methyl]-4-formylphenol (BNL) to improve its adsorption capacity and selectivity towards metal ions.
Experimental

Materials
Chitosan of low molecular weight was purchased from Aldrich (cat. number 448869) with a deacetylation percentage in the range of 75 -85%, and used as received. p-Hydroxy benzaldehyde, N-methylpiperazine were purchased from Fluka.
All other reagents used in this experiment were of analyticalgrade, and used as received.
Synthesis of CTS-BNL
A chitosan derivative (CTS-BNL) was prepared by dissolving 1.0 g of chitosan powder in an acetic acid-methanol solvent mixture (175 mL; 1:6 v/v) and reacting with 2 g of BNL in methanol (20 mL). The resulting solution was stirred for 16 h, followed by refluxing for 18 h, which resulted in a brownishyellow colored gel. It was then thoroughly washed with methanol to remove any unreacted BNL, and then dried at 60˚C which resulted in a brownish-yellow powder. This resulting product was soluble in dilute acetic acid and mineral acid.
Adsorption experiments
The copper(II) ion adsorption properties of CTS-BNL and the effect of the pH on adsorption were studied out from pH 3 to 10 utilizing various buffer solutions (KCl/HCl for pH 2 and 3; acetic acid/sodium acetate for pH 4, 5 and 6; tris(hydroxymethyl)-aminomethane/HCl for pH 7.5 and 8.5, and ammonia/ammonium chloride for pH 9.5 and 10). A 1000 mg L -1 Cu(II) stock solution was prepared by dissolving an appropriate quantity of copper sulfate analytical-grade and standardized with a standard solution of 0.01 mol L -1 EDTA. 24 Working standard solutions of the Cu(II) metal ion were prepared through the dilution of a 1000 mg L -1 stock solution with distilled water. Aliquots (50.0 mL) of 100 mg L -1 of Cu(II) solutions buffered at different pH values were placed in contact with 50 mg samples of modified chitosan (CTS-BNL) for a period of 4 h by agitation. After 4 h the shaking was turned off, and immediately thereafter the adsorbent material was decanted, and 2 mL of the filtrate was removed and diluted in volumetric flasks to determine the metalion concentration by atomic absorption spectrophotometry 
where Qe is the equilibrium adsorption capacity of a chitosan derivative, CTS-BNL (mg g -1 adsorbent), where V is the volume of solution (mL), C0 and Ce are the initial and equilibrium concentration of the solute, respectively, and W is the weight of the sorbent (g).
The amount of metal ions adsorbed by the adsorbent can also be calculated as follows:
where qe is the adsorption capacity of the adsorbent at equilibrium in a mmol metal ion/g adsorbent and M is the atomic weight of the corresponding metal-ion. The adsorption kinetics were determined in a closed flask containing 50 mg of CTS-BNL and 50.0 mL of a Cu(II) solution buffered at pH 8.5. After predetermined time periods, 2 mL aliquots were removed and the concentration of copper ions in solutions was measured. It was observed that the adsorption process was fast, and reached equilibrium after 3 h and remained constant for 24 h.
Instrumentation
An elemental analysis was carried out on a Carlo Erba Model 1106 elemental analyzer. Fourier transform infrared spectra (FTIR) were recorded on a Perkin-Elmer RX1 Model spectrophotometer on KBr discs in the wavenumber range 4000 -250 cm -1 . DSC and TG analyses were carried out with a DSC-50 Shimadzu and a TG-50 Shimadzu, respectively. In the case of DSC, scanning was carried out within a temperature range of 25 -800˚C, with a heating rate of 10˚C min -1 , under a nitrogen atmosphere. Powder X-ray diffraction studies were carried out using a scientific high-resolution Guinier X-ray powder diffractometer using Cu Ka1 radiation with a quartz monochromator. Micrographs of CTS, CTS-BNL before and after Cu(II) adsorption were taken by using a JSM-5600LV, JEOL Model scanning electron microscope. The electron paramagnetic resonance (EPR) spectra were recorded at the Xband on a Varian EPR-E 112 spectrometer using diphenylpicrylhydrazine (DPPH) as the reference. The Cu(II) ion concentration was measured by using a Perkin Elmer AAnalyst-750 Model atomic absorption spectrophotometer.
Results and Discussion
Synthesis and characterization of CTS-BNL
The new modified chitosan (CTS-BNL) has been synthesized as shown in Scheme 1 and characterized by spectral, thermal and powder X-ray diffraction (XRD) studies. The surface modification of the material was analyzed using a scanning electron microscope (SEM).
An elemental analysis showed the C/N ratios to be 5.49 and 4.98 for the CTS and CTS-BNL, respectively. From this, we infer that the functional group attached to the chitosan was around 60%.
The IR spectra of CTS-BNL showed a characteristic peak of the -C=N group stretching vibration, which appeared at 1635 cm -1 ; the disappearance of a peak near 1540 cm -1 (due to NH2 group) confirmed the introduction of the BNL in the C2 amine group in the chitosan. Further, peaks due to aromatic backbone vibration appeared at around 1590 cm -1 , and a band at 1269 cm -1 appeared due to C-O stretching of the phenol and bands due to aromatic out of plane at 692 and 756 cm -1 of the binucleating ligand are found in CTS-BNL when compared to that of free chitosan. The IR spectra of Cu-CTS-BNL showed new adsorption bands at 514 and 462 cm -1 , which may be due to stretching vibration of N-Cu and O-Cu, respectively. Further, new bands near 600 -500 cm -1 indicated the presence of SO4 2- ions in the resulting Cu-CTS-BNL complex. DSC thermograms for CTS and CTS-BNL studies showed that a wide peak at 102˚C and a sharp peak at 310.2˚C were observed for free CTS, in which the peak at 102˚C was due to the dehydration process of chitosan, while a peak at 310.2˚C could be attributed to thermal decomposition of the polymer. However, DSC thermograms for CTS-BNL showed a peak at 104˚C and two broad peaks at 249.5 and 315.9˚C. This change in the thermal behavior of the resulting chitosan material indicates that there was a chemical modification rendered on CTS due to condensation of binucleating ligand to it. 25 Similarly, TGA studies showed that the CTS underwent thermal degradation at 324.5˚C, with a 63.9% loss in polymer mass, and that CTS-BNL underwent mass loss in three stages (256.5, 325.9 and 424.3˚C) with losses of 49.6, 32.9 and 10.1%, respectively. These additional peaks observed in the CTS-BNL may be due to the attachment of BNL to the chitosan.
Powder X-ray diffraction patterns of CTS, CTS-BNL and Cu-CTS-BNL are shown in Fig. 1 . CTS shows the characteristic peak at 2q = 10˚C, due to the presence of (001) and (100), and (101) and (002). For CTS-BNL, the intensity of peaks at 2q = 10˚C and 20˚C decreased. For Cu-CTS-BNL the intensity of both these characteristic peaks decreased, and the peaks were broadened more than that of CTS-BNL and CTS. It was thought that the decrease in the crystallinity of the chitosan derivative and its copper adsorbed material could be attributed to a deformation of the strong hydrogen bond in the free chitosan molecule, and also due to the bulkier ligand (BNL) substitution onto it. This low crystallinity indicates that they were considerably more amorphous than free chitosan. 17 The difference in structural morphology between the CTS and CTS-BNL copolymer has also been further supported by the difference in their SEM images (Fig. 2) . A micrograph of CTS-BNL displayed a more extensive three-dimensional network compared with the smooth lacunose surface of CTS, which is attributed to immobilization of a binucleating ligand on the polymer surface. A SEM image of the Cu-CTS-BNL at pH 8.5 further showed a difference in surface morphology when compared to CTS-BNL, due to the adsorption of metal ions onto the polymer surface. 20 
Adsorption studies
Generally, the sorption performances of resins are strongly affected by parameters, such as the pH, particle size, and nature of the sorbent. It is obvious that the pH is a major parameter that greatly influences the maximum uptake. The effect of the pH on the Cu(II) ion adsorption by CTS-BNL was studied, and the results are illustrated in Fig. 3(a) . From this study, we infer that the adsorption capacity of CTS-BNL towards Cu(II) ion is affected by the pH. The Cu(II) ion adsorption increases with the pH of the solution up to a maximum value of 8.5, and then decreases for a further increase in the pH. The effect of the pH on CTS-BNL is perhaps due to the protonation of a N-methyl piperazine group at an acidic pH and deprotanation of the phenolic group at the basic pH present in the binucleating ligand. At low pH values (pH 2 -3), the decrease in adsorption is attributed to the ionic strength of the solution, which makes a competition between protons and metal ions, resulting in a low uptake capacity. With an increase in the pH, the proton concentration decreases, which increases in the metal ion uptake. At pH values above 7, deprotonation of the phenolic -OH group takes place, which results in a further uptake of metal ions due to the formation of a binuclear complex. However, above pH 8.5, the auxiliary complexation agents from buffer solutions (ammonia/ammonium chloride) can form complexes with the metal ion, avoiding copper hydroxide precipitation; as a consequence, the ion adsorption is inhibited by the adsorbent. The linear form of the Langmuir isotherm is employed 19 to determine the qm values from the linear coefficient obtained by a plot of Ce/qe versus Ce. The linearization according to the Langmuir model of the adsorption isotherm for Cu(II) ion is shown in Fig. 3(b) . The maximum adsorption capacity (qm) obtained for Cu(II) from this study was found to be 103 mg g -1 (1.62 mmol g -1 ) .
EPR studies of Cu-CTS-BNL obtained at pH 6 and 8.5 were carried out in the solid state, at room temperature. The spectra are shown in Fig. 4 . The EPR spectra of Cu-CTS-BNL at pH 6 (Fig. 4a) shows a four-line EPR typical of a mononuclear Cu(II) complex, whereas the EPR spectrum of Cu-CTS-BNL at pH 8.5
( Fig. 4b) shows a broad spectrum typical of a binuclear Cu(II) complex. 26, 27 Between pH 7 and 8.5, the EPR spectra show a weak absorption band at half-field (DMs = 2, g = 4) in addition to hyperfine splitting. The weak absorption band at half-field (DMs = 2, g = 4) is due to the fact that the binuclear complex formation takes place at pH 7 and above. Thus, from the EPR studies we can infer that one mole of CTS-BNL is capable of coordinating with one mole of Cu(II) ion in an acidic medium, and two moles of Cu(II) ions in a basic medium, as shown in Scheme 2, and mixture of a mononuclear and a binuclear Cu(II) complexes are present between pH 7 and 8.5.
When compared to compounds found in the literature, 19 -22 CTS-BNL shows a significant increase in its adsorption capacity. The maximum percentage of adsorption of metal ion from the solution by CTS-BNL is evident from the fact that when 100 mg L -1 of Cu(II) solutions (50 mL) were placed in contact with 50 mg of CTS-BNL, 92 mg g -1 (1.45 mmol g -1 ) of Cu(II) ions were adsorbed on the new adsorbent. This was mainly due to the immobilization of CTS with the binucleating ligand (BNL), which is capable of binding to two metal ions in solution, which is also evidenced from the EPR studies.
A new chitosan derivative reported in this present work has a higher adsorption capacity towards Cu(II) ions in an aqueous solution. The higher adsorption characteristic of this chitosan material compared to the derivatives already reported in the literature is mainly due to the binucleating ligand attached to the chitosan. Since this new material shows a significant capacity for Cu(II) ion adsorption, it can therefore be used as an efficient adsorbing agent for the extraction of Cu(II) ions from industrial waste water. 
